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We propose a Mach-Zehnder interferometer based on an
in-fiber ZnO microwire structure for ultraviolet sensing.
The device undergoes femtosecond laser micromachining
and chemical etching on a single-mode optical fiber initially,
creating a microgroove that extends to half of the core’s
depth, into which a single ZnO microwire is transferred.
The ZnO microwire and the remaining core are used as the
sensing arm and the reference arm, respectively, forming
a Mach-Zehnder interferometer. To enhance the stability
and the sensitivity, ZnO nanoparticles are filled into the
microgroove after the ZnO microwire is transferred. The
fabricated device exhibits a sensitivity of 0.86 nm/(W-cm™)
for ultraviolet sensing, along with a response time of 115 ns
(rise time) and 133 ps (decay time), respectively. The pro-
posed sensor exhibits good ultraviolet sensitivity, offering a
novel approach for ultraviolet sensing technology. © 2023
Optica Publishing Group

https://doi.org/10.1364/0OL.506796

The widespread utilization of ultraviolet (UV) in diverse fields,
including optical communication [1], healthcare [2], military
[3], environmental science [4], and astronomy [5], highlights the
increasing importance of high-precision UV sensing technology.
To meet the UV sensing requirements in different application
environments, UV sensors based on various mechanisms have
been developed, including a photomultiplier tube, a gaseous
sensor, a semiconductor detector, and a fiber-optic sensor [6].
Photomultiplier tubes are renowned for their ultrahigh sensitiv-
ity and low noise [7], while gaseous sensors effectively detect
high-power UV radiation [8]. However, both types suffer from
drawbacks in terms of their large size and high power con-
sumption, limiting their applicability in miniaturized devices.
Solid-state UV photodetectors (based on Si or wide bandgap
semiconductors) exhibit unique wavelength-selective responses
and facile integration into circuits [9]. Nevertheless, they still
encounter challenges associated with dark currents and slow
response times. In recent years, fiber-optic sensors have emerged
as a focal point of research in the sensor field due to their

0146-9592/23/246573-04 Journal © 2023 Optica Publishing Group

compact size, cost-effectiveness, immunity to electromagnetic
interference, and flexible measurement positions [10]. Because
the optical fiber material (Si0,) itself exhibits insensitivity to
UV, it is often necessary to integrate specific functional mate-
rials with the fiber to achieve UV sensing. Presently, a diverse
array of materials finds application in UV sensing, such as semi-
conductor materials like SiC [11], AlGaN [12], Ga,0; [13],
and ZnO [14], as well as polymers like La,0,S: Eu** [15] and
phosphorus-doped epoxy resins [16].

Among them, zinc oxide (ZnO), as a classic direct wide
bandgap (3.37 eV) semiconductor, has become an ideal can-
didate for UV sensing due to its large exciton binding energy,
good infrared transparency, excellent UV absorption, and sim-
ple fabrication process [17]. In particular, low-dimensional ZnO
micro/nanomaterials possess a large surface area and deep-
level surface trap states, which effectively enhance the carrier
lifetime, and the dimensional reduction of the active region
shortens the carrier transport time. Consequently, it exhibits
high photosensitivity, thus better stimulating the sensing and
responsive performance of the sensor [18]. In 2002, Yang et
al. [19] utilized a single ZnO nanowire for UV sensing, and
its excellent UV responsiveness and miniaturization inspired
numerous researchers to focus on UV sensors based on ZnO
micro/nano materials [20,21]. In 2019, Zhang et al. [22] pro-
posed an all-fiber coupler that utilized ZnO nanowire directly
coupled to a microfiber through van der Waals force. This
innovative design enabled the efficient sensing of UV while
eliminating electromagnetic interference. In 2020, Shen et al.
[23] applied a ZnO-graphene composite coating to the surface
of a single-mode-tapered multi-mode—single-mode fiber struc-
ture, resulting in a highly precise and sensitive all-fiber UV
sensor. Despite some advancements in fiber-based UV sens-
ing technology, challenges such as structural instability and low
sensitivity still exist.

In this Letter, a compact fiber-optic UV sensor based on a
Mach-Zehnder interferometer (MZI) structure is proposed. In
this sensor, a single-mode fiber (SMF) is processed through
femtosecond laser micromachining and chemical etching to
create a microgroove, whose depth reaches half of the core.
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Fig. 1. 3D diagram of the proposed UV sensor based on a fiber-
optic MZI, where the top-left inset provides the cross section of the
sensing area.

The microgroove is then filled with a single ZnO microwire
(MW)/nanoparticles (NPs), acting as the sensing arm for the
MZI. The remaining half of the core functions as the reference
arm. Under the influence of UV, a large amount of photocarriers
is generated in the ZnO, causing a transient effective refrac-
tive index (RI) change and resulting in a redshift (drift toward
a longer wavelength) in the interference wavelength. The UV
intensity can be determined by tracing the wavelength shift. The
proposed device achieves a sensitivity of 0.86 nm/(W-cm™)
when illuminated by 257-nm UV light. It exhibits excellent
responsiveness with rise time and decay time of 115 ns and
133 ps, respectively.

Figure 1 illustrates the 3D diagram of the proposed MZI-based
fiber-optic UV sensor, of which the cross-sectional view is inset
on the top left. For the consideration of better size matching and
simple two-beam interference, SMF (8/125 um) is chosen as the
base of the sensor. The optical signal is transmitted through the
core of SMF to the sensing area, where it is bifurcate into two
optical paths: one directs toward ZnO MW and the other toward
the core. At the output end face, the two paths recombine to
form an interference, whose free spectral range depends on the
length of the ZnO MW. When exposed to UV illumination, the
generation of photocarriers causes an RI increase of the ZnO
material. Because the presence of carriers in semiconductors
can lead to change in the absorption coefficient through the
competitive energy band filling effect and bandgap shrinkage
effect, which, in turn, induces considerable alterations in the RI
of semiconductors, as can be predicted by the Kramers—Kronig
relationship [24]:
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where N and P are the concentrations of free electrons and
holes, respectively. The terms E, ¢, h, e, and A« are the photon
energy, the speed of light, Planck’s constant, the electron charge,
and the change in the absorption coefficient, respectively, and
P f indicates the principal value of the integral. The absorption
coefficient of ZnO will increase in the case of relatively high
photocarrier concentration due to the bandgap shrinkage effect
[25], leading to a measurable increase in the RI, which has been
evaluated in detail previously [24]. As a result, the optical path
difference (OPD) in the MZI increases, leading to a redshift in
the interference spectrum.

The fabrication process, as shown in Fig. 2, involves the fol-
lowing 5 steps: (1) the side of SMF is polished in the x direction,
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Fig. 2. Flowchart of device fabrication: (1) side polishing of SMF
into D-shape with a length of 5 mm; (2) modifying a cubic area
from the polished region by femtosecond laser; (3) HF etching of
the modified part to create a microgroove; (4) ZnO MW transfer to
the microgroove; and (5) ZnO NPs filling into the microgroove.

with a length of 5 mm and a depth of 45 um. The residual thick-
ness of the cladding above the core is about 20 um. (2) The pulses
emitted by the femtosecond laser processing (513 nm, 1 mW,
200 kHz) are focused through a microscopic objective (MO,
NA=1.31) to modify the designated area (cubic dimensions of
xyz:96 x 3 x 10 um, with the bottom reaching exactly halfway
to the fiber core) of the fiber. The cubic area is formed by laser
scanning line by line along the y direction to create a plane, and
then layer by layer along the z direction to create a space, with
arate of 10 um/s and a spacing of 0.5 um between laser paths.
(3) The modified area is etched with hydrofluoric acid (HF, 5%)
for 60 min, and its etching rate is much higher than the other
parts of the fiber. The sample is connected to a broadband light
source (BBS, 1250-1650 nm) and an optical spectrum analyzer
(OSA, 600-1700 nm) for real-time monitoring during etching.
(4) ZnO MW (length 99.8 um, average diameter 4.4 um) is pre-
pared by focus-ion-beam milling, and then it is embedded into
the microgroove by tungsten probe. (5) To increase the stability
of the device, the ZnO NPs (average diameter 20 nm, purity
99.9%) are filled into the microgroove.

The ZnO MWs used in this work are synthesized by chemical
vapor deposition [26]. The morphology of the ZnO MW after
focus-ion-beam milling is characterized by scanning electron
microscope (SEM), as depicted in Fig. 3(a). The top-left inset
shows ZnO NPs, and the bottom-right one depicts the end-face
of ZnO MW. X-ray diffraction analysis of ZnO MW is shown
in Fig. 3(b). Its crystal phase demonstrates conformity with
the standard diffraction pattern of the ZnO crystal card, further
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Fig. 3. (a) SEM image of the ZnO MW. The top-left and bottom-
right insets show ZnO NPs and end-face of MW, respectively. (b)
XRD pattern of the ZnO MW.
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Fig. 4. (a) Experimental setup for sensitivity test of the fiber-
optic UV sensor. (b) Interference spectrum drift of ZnO MW/NPs
fiber-optic UV sensor irradiated by 257-nm laser. Wavelength shift
versus light intensity in the case of Air (black), ZnO MW (blue),
ZnO NPs (green), and ZnO MW/NPs (red). (d) Wavelength shift
versus light intensity of case Air and case ZnO MW/NPs under
different wavelength light irradiations.

confirming the successful synthesis of high-quality hexagonal
ZnO MW.

Fig. 4(a) depicts the experimental setup of UV sensing for
the proposed device. One end of the sensor is connected to a
BBS, while the other end is connected to an OSA to monitor
the interference spectrum in real time. The 200-kHz 257-nm
femtosecond UV pulses, generated from the frequency quadru-
pling of 1026-nm femtosecond laser pulses (pulse duration of
290 fs) via a frequency multiplier, are focused onto the sensor
through a MO (NA =0.20). The high-repetition rate UV pulses
can be roughly considered as a quasi-continuous pump. The UV
sensitivity for four cases in the microgroove of the proposed
sensor are investigated and denoted, respectively, as case Air for
the non-transferred microgroove, case ZnO MW for the ZnO
MW-transferred microgroove, case ZnO NPs for the ZnO NPs-
transferred microgroove, and case ZnO MW/NPs for the ZnO
MW and NPs-transferred microgroove, for simplicity.

With the increase of UV intensity from 0 to 32.8 W/cm?, the
interference wavelength shows an evident redshift of about 28
nm for the proposed fiber-optic UV sensor (namely, in case ZnO
MW/NPs), as can be seen in Fig. 4(b). For comparison, the wave-
length shift and UV sensitivity for all cases in the microgroove
(namely, Air, ZnO MW, ZnO NPs, and ZnO MW/NPs) of the
proposed device are plotted in Fig. 4(c). In case Air, the OPD of
the proposed device is possibly increased by the photothermal
effect only, which originates from the slight UV absorption of
the SMF material and leads to a small redshift of 1.4 nm in
the interference wavelength. In case ZnO MW, the total wave-
length shift is 7.6 nm, which is much higher than that of case
Air. This indicates that the OPD increase is mainly caused by
the photocarriers induced RI change in ZnO MW, which has
overcome the opposite contribution of the photothermal effect
in the remaining fiber core. This competitive advantage is more
evident in case ZnO NPs, where NPs with large specific surface
areas are beneficial for sufficient UV absorption and the total
wavelength shift achieves 12.6 nm. However, the ZnO NPs also
bring a large insertion loss due to significant scattering. In case
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Zn0O MW/NPs, the implementation of ZnO NPs considerably
reduces the air gap between the ZnO NW and the microgroove
and substantially increases the UV absorption of the sensing area
compared to that of case ZnO MW. Hence, the total wavelength
shift is notably increased to 28 nm, corresponding to a UV sen-
sitivity of 0.86 nm/(W-cm™2) through linear fitting, which is 3.7
times that of case ZnO MW.

To verify the wavelength selectivity of the proposed UV sen-
sor, the ZnO MW/NPs sample undergoes irradiation of the
visible (513 nm) and near-infrared (1026 nm) femtosecond
laser beams, respectively. The relationship between the wave-
length threshold (A,,) of light absorption and semiconductor’s
bandgap (E, in eV) can be described as follows [27]:

/l(nm) = 1240/Eg (2)

According to Eq. (2), the ZnO material experiences intrinsic
absorption and exhibits changes in the carrier concentration
when irradiated by UV with a wavelength shorter than 368 nm.
Thus, it can be considered that the interference wavelength shift
of the device is induced by the photothermal effect only, due to
the non-absorption of ZnO in visible and near-infrared bands.
Note that the photothermal effect will result in a temperature
increase of the ZnO material, of which the thermal-optic coef-
ficient is 2.31 x 10~* /K [28]. This means that the RI of ZnO
material increases with temperature increasing, which will lead
to a redshift of the interference wavelength. From Fig. 4(d), it
can be observed that the interference wavelength experiences a
redshift of 2.2 nm and 3.2 nm, as the 513-nm and 1026-nm light
intensity increases, respectively, implying a more significant
photothermal effect under the excitation of the near-infrared.
The results of case Air and case ZnO MW/NPs under 257-nm
UV illumination are also presented in Fig. 4(d) for compari-
son, where it can be found that the wavelength shift resulting
from 513-nm and 1026-nm illumination can be ignored. Con-
sequently, the proposed sensor indeed exhibits UV wavelength
selectivity and negligible photothermal effect.

Response time of the proposed UV sensor is also investigated
by the experimental setup shown in Fig. 5(a), where nanosecond
UV pulses delivered from a Nd: YAG laser (4=266 nm, repetition
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Fig. 5. (a) Experimental setup for the temporal response test of
the fiber-optic UV sensor. (b) Continuous pulse response under 10-
Hz, 266-nm, 7-ns pulsed UV laser. (c) Magnification of the time
response of a single pulse. (d) Further magnification of the rising
edge in (c).
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Table 1. Performance Comparison of Various UV
Detectors Based on ZnO Materials

UV detector A Responsivity / toul tog Ref.
Sensitivity

ZnO/Cu,0 355 nm 19.3 mA/W 0.145/0.36 s [30]

ZnO/Ni 350 nm 7.52 uA/W 05s/2s [31]

ZnO/Ag 365 nm 14.43 A/W 9.37s/691 s [32]

Zn0O/Co 365 nm 8.76 AW 0.229s/0.276s  [33]

ZnO nanowire 266 nm
ZnO microwire 266 nm
ZnO MW/NPs 257 nm

1.66 nm/(W - cm™2)
0.29 nm/(W - cm™2)
0.86 nm/(W - cm™2)

043 ms/ 047 ms [22]
0.56ms/0.7ms  [26]
115ns/133 ps This
work

rate 10 Hz, and pulse duration 7 ns) are focused onto the sample
through a lens. According to the edge filtering method [29], a
tunable laser, a photodetector, and an oscilloscope are used to
record the temporal response of the sample. Fig. 5(b) depicts
the temporal response of the sample to 10 laser pulses within 1
s, demonstrating its good stability and rapid response. Here we
define the response time to be the duration taken by a signal to
change from 10% to 90% between its low and high levels, and
vice versa. Fig. 5(c) shows the magnification of a single-pulse
response, and further magnification of its rising edge is shown
in Fig. 5(d). According to the curves of the rising and decay-
ing edges, the rise time and decay time are estimated to be 115
ns and 133 ps, respectively. In comparison with the previously
reported electric-based [30-33] and optical fiber-based UV pho-
todetectors [22,26,34], the device proposed here exhibits faster
response speed, as listed in Table 1. The primary reason lies
on the fact that the proposed device employing the transient
RI change induced by the generation of photocarriers and is
independent of photocarrier diffusion and migration in the bulk
ZnO material, which essentially results in an improvement in
device response time. The main reasons for the slow decay time
may be the existence of trapped holes with extended lifetimes,
which may originate from defects in the ZnO crystals or surface
damage during device processing. Furthermore, the adsorption
of oxygen on ZnO surfaces may also prolong the decay time
[35,36].

In this work, a ZnO microwire-based single-fiber
Mach—Zehnder interferometer is demonstrated for UV sens-
ing, where a ZnO microwire and the remaining fiber core act
as the sensing arm and the reference arm, respectively. The
ZnO microwire is embedded in a microgroove that reaches
half of the fiber core, which is fabricated through processes of
side polishing, femtosecond laser micromachining, and chem-
ical etching. Experimental results indicate that the device
achieves a UV sensitivity of up to 0.86 nm/(W - cm™2) under
257-nm laser pulse irradiation. The rise time and decay time
are measured to be 115 ns and 133 ps, respectively, by
utilizing 266-nm and 5-ns laser pulse excitation. The high
sensitivity and fast response of the proposed sensor are ben-
eficial to the development of future high-performance UV
Sensors.
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